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RESEARCH OBJECTIVE 

The objective of this work is to determine the chemical composition of nanometer 
precipitates responsible for irradiation hardening and embrittlement of reactor pressure vessel 
steels, which threaten to limit the operating lifetime of nuclear power plants worldwide. The 
scientific approach incorporates computational multiscale modeling of radiation damage and 
microstructural evolution in Fe-Cu-Ni-Mn alloys, and experimental characterization by positron 
annihilation spectroscopy and small angle neutron scattering. The modeling and experimental 
results are   

BACKGROUND AND MOTIVATION

Currently nuclear power accounts for approximately 20% of the U.S. supply of 
electricity. However, over the next two decades, as demand continues to rise, a large number of 
the ~110 U.S. reactors will reach the end of their operating lifetime. Lifetime extension can 
provide significant benefit to the electrical supply without contributing to air pollution or 
greenhouse gas emissions. Yet, the safe and reliable extension of nuclear power plant operating 
lifetimes depends on maintaining the integrity of structural materials, whose properties degrade 
as a result of neutron and gamma ray exposure.

From a safety perspective, the most critical structural component in a nuclear reactor is 
the reactor pressure vessel (RPV), which embrittles during operation due to the leakage of high 
energy neutrons from the reactor core. Many years of research have established that steel 
hardening and embrittlement of the reactor pressure vessel results from the formation of a high 
number density of ultra-fine, nanometer sized copper-manganese-nickel precipitates and sub-
nanometer defect cluster-solute complexes. In steels containing > 0.1% copper, the precipitates 
are the dominant embrittling feature. The sub-nanometer cluster complexes and nanometer-sized 
precipitates impede dislocation motion, producing a substantial increase in yield stress 
(hardening) and a corresponding elevation in the cleavage transition temperature (embrittlement) 
[1].

Yet, two outstanding questions impact predictions of hardening and embrittlement at the 
increased irradiation exposures that will be experienced during plant lifetime extension. 
Significant controversy exists regarding i) the chemical composition of the nanometer-scale 
precipitates [2,3] and ii) the identity of the defect cluster-solute complexes [2]. 

The nanometer-precipitates in irradiated reactor pressure vessel steels are commonly 
characterized by three dimensional atom probe (3DAP) tomography and small angle neutron 
scattering (SANS). These measurements generally reveal similar precipitate-type feature number 
densities, sizes and Mn and Ni contents, but provide very different views of the nano-precipitate 
composition. The 3DAP results have been interpreted to suggest that the precipitates are Cu 
enriched, but contain significant quantities of Fe (> 50%) [3]. In contrast, standard interpretation 
of a large body of SANS data, including on alloys with systematic variations in the key alloying 
elements, indicate the presence of well-formed precipitates that contain Cu (typically ~70%), Ni 
and Mn, but little or no Fe [2]. The practical implications of this viewpoint are enormous, casting 
doubt upon the physically based models [4] of irradiation embrittlement in RPV steels used by 
regulators to assess lifetime limits. 

The defect cluster-solute complexes had not been identified by experimental 
characterization techniques prior to this work, although they were known to exist based on 



mechanical property degradation (embrittlement) of RPV steels containing little or no copper. 
Embrittlement models [4] assume an increasing contribution to the overall embrittlement from 
these defects at higher doses (to be experienced during lifetime extension), yet quantitative 
understanding of their evolution kinetics and their contribution to embrittlement did not exist.

This LDRD project addressed these two outstanding issues through a combination of 
physically based multiscale modeling and a novel experimental characterization program to 
validate the modeling predictions. Specifically, molecular dynamics and kinetic Monte Carlo 
defect evolution models developed under this LDRD program were able to predict the character 
of the sub-nanometer vacancy – solute cluster complexes and the composition of the copper 
precipitates. These predictions were quantitatively validated by positron annihilation 
spectroscopy measurements, where the key to validation was the direct comparison of predicted 
positron observables with the actual experiments, through the use of first-principles positron 
theory.

RESEARCH ACTIVITIES

Irradiation embrittlement results from a multitude of physical processes, spanning a wide 
range of length and time scales. The inherently multiscale nature of the radiation damage 
problem requires a hierarchical research approach, which closely combines a multiscale 
modeling methodology to predict the underlying structural and chemical evolution at the 
nanoscale, with experiments designed to characterize such features. 

Multiscale Modeling
The multiscale modeling methodology involves using ab initio electronic structure 

calculations to validate semi-empirical interatomic potentials and a combination of molecular 
dynamics (MD) and kinetic Monte Carlo (KMC) simulations over the relevant length and time 
scales controlling production of primary defects in high-energy displacement cascades and the 
subsequent long-time evolution to generate late-time vacancy cluster production. This involves 
combining an MD database of primary damage production with two separate KMC simulations 
that independently follow the SIA/SIA cluster and the subsequent vacancy evolution. Separation 
of the time scales between vacancy and SIA/SIA cluster diffusion, naturally leads to the nearly 
independent evolution of these two populations. 

In this approach, we follow the relatively short time (~100 nanosecond at 563 K) 
evolution of the cascade using ‘defect’-oriented KMC [5]. This allows for additional 
SIA/vacancy recombination and the migration of SIA and SIA clusters away from the cascade 
volume and assumed annihilation at system sinks. During this ‘defect’ KMC, the time duration is 
insufficient for significant vacancy migration and the SIA/SIA clusters are the only diffusing 
species. Further, we assume that the SIA clusters of size, N > 5, migrate in one-dimension. 

The ‘defect’ KMC simulations result in an initial configuration for longer time kinetic 
lattice Monte Carlo (KLMC) cascade aging simulations, which follow the vacancy population 
evolution. The KLMC simulations are performed in pure Fe and dilute Fe-Cu alloys on a bcc-
iron lattice and use embedded atom-method type potentials to describe the unrelaxed lattice 
energetics. The iron and copper potentials were from Finnis and Sinclair [6] and Ackland et. al. 
[7], respectively; and the iron-copper potential was developed by fitting the dilute heat of 



solution for copper in iron, the copper-vacancy binding energy and the iron-copper {110} 
interface energy [8]. 

Within the KLMC model, the specific jump of each vacancy in the system are based on a 
standard random number Metropolis test, using a modified residence time algorithm to advance 
the time. In this approach, at least one, and in some cases many more than one, vacancy jump 
occurs in each KLMC sweep. The initial vacancy fate is to either cluster, with other vacancies or 
copper atoms, or diffuse to the cell boundary, which is assumed to be a defect sink. Clusters can 
grow by absorbing single vacancies, which may be emitted from other clusters, or by 
coalescence with mobile clusters. Emitted vacancies may also annihilate at the cell boundary. 
The jump rate and sequence depends on the local environment; thus the time increment changes 
as the cascade evolves. The increments start out short, for unbound, isolated vacancies, but 
increase enormously as larger bound cluster-complexes develop. As the cluster-complexes grow, 
the cluster mobility drops and non-emission jumps that change the shape, but not the cluster-
complex position or size, become far more probable; hence, the efficiency of the KLMC 
algorithm decreases dramatically. To circumvent this problem, a ‘pulse annealing’ technique is 
used to accelerate the computation of vacancy emission from the clusters. 

After six hundred ‘inefficient’ sweeps, the temperature is increased to identify the 
weakest bound vacancy to a cluster and determine its most probable emission trajectory. This 
vacancy is then ‘required’ to make three additional jumps along its pre-determined trajectory at 
the actual simulation temperature. Other vacancies in the simulation are also allowed to jump (or 
not) during this period. The effective time increment adjustment factor for ‘pulse annealing’ is 
the ratio of the total jump probability to the product of the probabilities for the pre-selected series 
of jumps. Emitted vacancies can be captured by the emitting or another cluster or be annihilated 
at the cell boundary.

Positron Annihilation Spectroscopy
The positron annihilation spectroscopy (PAS) experiments involve measuring positron 

lifetimes, the Doppler broadening of annihilation photons, and the magnetic polarization of 
positron annihilation. The PAS technique is unique in its ability to detect the presence of vacancy 
and vacancy cluster trapping centers and spatial regions of higher local positron affinity, e.g. in 
precipitates. The key to interpreting PAS experiments is the direct simulation of the experimental 
observables.

PAS is a well-established technique for detecting open volume regions of a material [9], 
as well as the chemical identity of the elements surrounding these open volume regions [10].  
The positron is the antiparticle of an electron, with the same mass (511 keV/c2), but a positive 
charge.  Following positron injection into a metal, the positron quickly dissipates its kinetic 
energy in scattering events and reaches thermal equilibrium (within ~ 3 picoseconds).  Due to its 
positive charge, the positron experiences a repulsive force from ionic cores and an attractive 
force from electrons, open volume defects, and regions of increased positron affinity.  
Ultimately, the positron annihilates with an electron, predominantly producing two 511 keV 
gamma rays traveling in opposite directions.  

Each element has a unique positron affinity and the positron will preferentially localize in 
regions of high positron affinity. The positron affinities of elements important to this work are:  
Fe, -3.84 eV; Cu, -4.81 eV; Ni, -and Mn, -3.72 eV [11]. As shown by Nagai et al. [12], clusters 
of copper as small as 5-10 atoms in an iron matrix will localize the positron and effectively act as 
a positron trap.  Three different PAS techniques were used in this work.  In positron annihilation 



lifetime spectroscopy (PALS) the interval between implantation of the positron into a material 
and its annihilation, as detected by the two 511 keV gamma rays, is measured.  By decomposing 
the lifetime spectrum into one to three distinct lifetime components, the positron lifetime in a 
material is obtained, with the positron lifetime being characteristic of the positron end-state, or 
trapping site.  Multiple lifetimes are present if one or more trapping defects exist.  The positron 
lifetime strongly correlates with vacancy-cluster (open-volume region) size up to a saturation 
value characteristic of a planar free surface, as described in more detail by Hautojärvi and Corbel 
[9]. 

The two annihilation gamma rays are not actually at 511 keV, due to the conservation of 
momentum of the electron-positron pair in the direction of the gamma ray emission; these 
gamma rays are Doppler shifted, one blue and the other red shifted, by an amount of energy 

cpE L2

1=∆ (1),

where pL is the longitudinal component of the electron-positron momentum in the direction of 
the gamma ray emission and c is the speed of light.  Measurement of both annihilation gamma 
rays in coincidence allows for precise determination of the Doppler shift, and thus a 
measurement of the Orbital Electron Momentum Spectra (OEMS) [10]. Each element has a 
characteristic orbital electron momentum spectrum, resulting from the combination of core and 
valence electron momentum.  Core electrons are more tightly bound to atoms and have a higher 
electron momentum than valence electrons, making the high momentum region of the OEMS 
most useful for elemental specificity.  By comparing the measured OEMS to theoretically 
calculated orbital electron momentum spectra [13] or the measured spectra of pure elements, a 
determination of the chemical identity is obtained in the vicinity of the annihilating positron.  

The third PAS technique used was developed specifically within this LDRD program to 
probe the magnetic character and chemical composition of the nanometer Cu-Mn precipitates 
and represents the first application of spin-polarized, magnetic positron annihilation 
measurements of the OEMS of embedded nanometer particles. The underlying principle of using 
polarized positrons to selectively measure the momentum distribution of minority and majority 
electrons through magnetic field polarity reversal is well known [14,15]. By using an externally 
applied magnetic field, the magnetic moment in Fe can be aligned either parallel or anti-parallel 
to the positron polarity, resulting in preferential annihilation with minority and majority spin 
electrons respectively, and a corresponding change in the annihilation characteristic with field 
reversal. 

The magnetic moment is defined by the net difference between the majority and minority 
electrons, i.e. electrons whose spins are aligned parallel or anti-parallel, respectively, to an 
applied magnetic field. The spin polarized positron annihilation measurements were conducted 
using positrons from a conventional 22Na radioactive source, which provides a mean depth of  ~ 
30 microns into the samples. Due to parity non-conservation in beta decay, positrons emitted 
from the source have their spins aligned parallel to momentum and are guided to the sample with 
a magnetic field of ~ 1 kG. Coincidence OEMS records two photons from each annihilation 
event and annihilation into two photons occurs only when the particles have opposite spin. Since 
the positron polarity is fixed, reversing the direction of the applied magnetic field changes the 
positron annihilation fraction with majority and minority electrons, resulting in a sensitive and 
selective probe of the local magnetic moment. Both the radioactive source and the specimen are 
located in the same external magnetic field. Since depolarization effects are small when non-
relativistic positrons are slowed down to thermal energies, it is possible to investigate the 



interaction of polarized positrons with changing populations of majority and minority electrons. 
This technique has been used to probe the momentum distribution of the electrons responsible 
for ferromagnetism in Fe [16].

Two experimental facilities exist at Lawrence Livermore National Laboratory for PAS 
measurements of positron lifetime, OEMS and magnetic polarization OEMS.  A high-energy 
mono-energetic positron beam is formed using positrons emitted from a 22Na source placed at the 
terminal of a 3 MeV electrostatic accelerator [17].  The positron beam (with a typical intensity of 
5×105 positrons/s) emerging from the accelerator column is focused by a thin solenoid and exits 
the vacuum through a 25 µm thick Al window.  The positrons enter a specimen either directly or 
after passing through a 2 mm thick scintillator, which provides a start signal for positron lifetime 
measurements.  The positron penetration depth is ~2-3 mm, and allows bulk property 
measurements without significant contributions from near-surface regions.  The annihilation 
gamma rays are detected using detectors positioned co-linear (for lifetime) or perpendicular (for 
lifetime and OEMS) with respect to the positron beam.  The use of a high energy positron beam 
allows for bulk specimen characterization, which does not need to be in vacuum, and improves 
the signal to noise ratio by eliminating background radiation from the radioactive positron 
source.  

The second experimental facility is one in which positrons emitted from a 22Na 
radioactive source are confined and transported to the sample using a strong magnetic field (~1.0 
kG).  The positrons have a kinetic energy of ~300 keV, giving a maximum penetration depth in 
materials of ~30 µm.  This setup is used for OEMS measurements on bulk specimens, as well as 
performing magnetic measurements by using the natural spin polarization of radioactively 
emitted positrons (spin-polarized, magnetic positron annihilation measurements) [18]. 

Small Angle Neutron Scattering
SANS measurements were performed as a complement to the PAS investigations, the 

measurements were performed at the 8-meter beamline at the Cold Neutron Research Facility of 
the National Institute of Standards and Technology [19]. Samples are measured in a strong 
magnetic field (≥ 1.8 T ± 0.1 T) oriented horizontally to saturate the α-Fe matrix. This allows for 
the measurement of both nuclear (N) and magnetic (M) neutron scattering due to scattering 
length density differences between the α-Fe matrix and the scattering feature. The neutron 
scattering at small angles (θ ≤ 8°) was measured from a well collimated beam of cold neutrons 
(λ=0.5 nm) with a two-dimensional 64x64 cm position sensitive detector positioned ~2 m from 
the sample. 

Assuming that the features formed under irradiation, namely the nanometer precipitates 
and sub-nanometer matrix features, are spherical and non-magnetic in a saturated ferromagnetic 
iron matrix; log-normal size distributions of one or two spherical scattering features are fit to the 
absolute scattering cross section data to provide the mean size, number density (Nd), and volume 
fraction (fv) of the scattering feature(s).  Furthermore, estimates of the scattering feature 
composition can be made from the measured magnetic to nuclear scattering ratio (M/N).  More 
details regarding the SANS experiments and data analysis can be found in [20-22].

Modeling Experimental Observables
Quantum mechanical calculations of positron states in materials provide accurate, 

quantitative predictions of both positron lifetime and core-electron momentum distributions. We 
have recently developed a finite-element approach for solving the Schrodinger equation and 



calculating positron observables [13]. This capability represents the key to experimentally 
validating our multiscale modeling methodology. By coupling the atomic configurations of 
nanostructural features predicted by multiscale modeling to the finite-element simulations of the 
experimental observables, we can reach self-consistency and provide the understanding needed 
to resolve the current controversies about the character and composition of nanostructural 
features.

RESULTS AND TECHNICAL OUTCOME

Modeling predictions of precipitate and matrix feature structure and composition
A database of approximately five displacement cascades at each PRA energy of twenty, 

forty and fifty keV served as input to the ‘defect’ KMC. The primary damage distributions were 
obtained from from MD simulations provided by R.E. Stoller and are described in more detail
elsewhere [23,24]. Approximately 10 ‘defect’ KMC simulations followed the initial (~100 
nanosecond) evolution of each independent cascade to provide a statistically significant database 
of cascade vacancy-rich core distributions. Notably, a large amount of intracascade 
recombination occurred during this first ~100 ns of aging, as described in Table 1, with more 
recombination within the higher energy cascades. This likely results from the spatial correlation 
of sub-cascade lobes which form at higher PRA energies, as well as an increased population of 
isolated Frenkel pairs between the lobes. The spatial distribution of vacancies remaining after the 
diffusion, recombination and ultimate annihilation of the SIA/SIA clusters from each simulation 
serves as an input database for the KLMC simulations.

      Table 1 – Surviving number of point defects at the end of the displacement cascade (~100 ps) 
       and after the initial (~100 ns) evolution and diffusion of the SIA/SIA clusters.

Cascade energy (keV) MD defects (~100 ps) Surviving vacancies (~100 ns)
20 54 47 (87%)
40 80 72 (72%)
50 176 111 (63%)

Starting from a core rich in (mostly) isolated vacancies, the KLMC simulations in both 
pure Fe and the Fe-Cu alloys reveal the very rapid formation of a population of small, three-
dimensional vacancy clusters and vacancy-Cu cluster complexes, on average requiring only a 
few vacancy jumps. Subsequently, the clusters migrated, coarsened and dissolved, as shown in 
Figure 1. Reduction of the net residual vacancy concentration in the cascade core by emission-
migration-annihilation events was continuous, but progressively slowed with cluster growth. 
Clusters grew initially primarily by the coalescence of smaller mobile clusters, and later by 
emission-absorption processes. A wide range of final dissolution times was observed over 
multiple simulations of each initial cascade configuration. The mean cluster lifetime of 4x105

seconds in pure Fe, obtained through a large number of simulations from a library of 20, 40 and 
50 keV cascades, is in remarkably good agreement with an experimental estimate for the lifetime 
of unstable matrix defects of 3x105 seconds [25]. Vacancy cluster stabilization occurred as a 
consequence of the strong binding between oversized Cu solute atoms with individual and 
clustered vacancies and the mean cluster lifetime increased substantially to 1.5x106 seconds in 
the Fe-0.3%Cu alloy. 



Figure 1. Kinetic Monte Carlo simulation results of the vacancy-Cu evolution a) 200 ps, b) 9 ms, c) 20 ms, d) 5 s, e) 135 s, 
and f) 1.35x106 s following the production of a 50 keV displacement cascade in an Fe-0.3% Cu alloy. Red (dark) circles 
show the position of vacancies, green (light) circles the clustered Cu atoms.

KLMC simulations of the Fe-0.3%Cu alloy clearly reveal the existence of a continuous 
distribution of cascade vacancy-Cu (solute) clusters, which constitute both unstable and stable 
matrix defect features. Small complexes, consisting of less than a total of ten vacancies and 
copper atoms, were quite mobile and cluster-complex growth occurred by coalescence. Cluster-
complexes ranged in size from two to three vacancies with six or more copper atoms to twenty or 
more vacancies with two to three copper atoms. In general, smaller vacancy clusters were 
associated with larger numbers of copper atoms. This is partly a result of the high mobility of 
smaller vacancy complexes, resulting in more local gettering of copper atoms. The larger 
vacancy cluster-complexes were typically associated with fewer copper atoms, indicative of their 
relatively low mobility. By the time of complete vacancy dissolution, residual copper clusters 
ranged in size from 4 to 15 atoms and serve as embryos for copper precipitate formation. Finally, 
these cascade aging simulations provide the vacancy cluster populations that exist at late times, 
in addition to the temporal sequence-of-events responsible for the formation of vacancy-Cu 
cluster complexes, and thus enable the generation of production cross-sections.

Lattice Monte Carlo simulations have also been used to simulate the atomic structure and 
composition of Cu-Mn-Ni precipitates in body-centered cubic Fe alloys. The results clearly 
indicate that the precipitates contain a copper rich core, with a relatively diffuse interface that is 
often enriched in other solutes including Mn and Ni. Notably, these simulations, in addition to 



thermodynamic predictions of the precipitate composition do not indicate that substantial (e.g. > 
40-50%) Fe is present in the precipitates.

Thus, the key conclusions from the multiscale modeling aspect of the LDRD research 
program are that the matrix features consist of a population of sub-nanometer vacancy – Cu (and 
other solute) cluster complexes and that the nanometer-sized precipitates do not contain sizeable
fractions of Fe. The practical consequence of this result is that the copper precipitate contribution 
to RPV steel embrittlement saturates and is not expected to contribute to further increases in 
embrittlement during lifetime extension.

Positron Annihilation Spectroscopy Results
During the course of this LDRD research project, we have experimentally characterized 

more than 50 specimen composition and neutron irradiation conditions by positron annihilation 
spectroscopy. The alloys consisted of simple binary and ternary Fe-based alloys, model reactor 
pressure vessel steels and actual reactor pressure vessel weld steels by positron annihilation 
spectroscopy, which were neutron irradiated over a wide range of neutron flux, fluence and 
temperature, representative of the anticipated end of life exposures for current nuclear power 
plants. The specimens were provided by Professor G. Robert Odette of the University of 
California, Santa Barbara and returned to UCSB after the measurements were completed. 
Additionally, these PAS measurements were complemented by small angle neutron scattering 
characterization, performed in collaboration with UCSB. The results of these measurements have 
been disseminated in 7 journal and 6 conference proceedings publications (as listed in the 
bibliography) and been presented at international conferences. Selected results will be presented 
in this final report.

Orbital Electron Momentum Spectroscopy (OEMS) for binary Fe-0.9wt% Cu and ternary 
Fe-0.9 wt% Cu-1.0wt% Mn alloys following neutron irradiation are presented in Figure 2, with 
the irradiation conditions presented in Table 2.  The data are normalized by the corresponding 
spectrum from the un-irradiated reference specimen in order to emphasize the high momentum 
portion of the spectra; i.e., n(pL)/n(pL)reference.  Thus, the un-irradiated reference specimen would 
have a horizontal line at 1 in this figure.  Also included in the figure is a correspondingly 
referenced spectrum of well-annealed elemental copper.  The spectra for the irradiated alloys 
clearly show evidence of copper, as seen by the peak at pL ~ 3.5 atomic units (a.u.).  The OEMS 
for the Fe-Cu alloy, shown in Fig. 2a, reveals an increasing peak in the low momentum spectrum 
(pL < 0.75 a.u.) with increasing neutron fluence, while the broad peak at pL ≅ 3.5 a.u. decreases.  
The increase in the low momentum portion results from an increased fraction of positrons 
annihilating with valence electrons, and indicates positron localization and annihilation at 
vacancy clusters.  The OEMS evolution with increasing fluence, that is an increase at pL < 0.75 
a.u. and a decrease pL ≅ 3.5 a.u., is consistent with a two-defect trapping model, where the 
dominant positron trap evolves between the copper rich precipitates (~3.5 a.u.) and a secondary 
feature (< ~0.75 a.u.), identified as vacancy solute clusters.  This change in the low momentum 
fraction and its identification as trapping and annihilation at vacancy clusters is confirmed by the 
magnetic polarization along with positron lifetime measurements, plotted in Figures 3 and 4 and 
discussed below.



Table 2 - Neutron irradiation conditions, all irradiations were performed at T = 290°C. 

Irradiation 

Designation

neutron flux 

[φφφφ (n/m2-s)]

neutron fluence 

[φφφφt (n/m2)]

A1 7. 0×1014 6.0×1020

A2 7.0×1014 1.0×1021

A3 7.0×1014 2.3×1021

A4 7.0×1014 3.2×1021

A5 5.0×1015 4.0×1021
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Figure 2 - Orbital electron momentum spectra for the a) Fe-Cu and b) Fe-Cu-Mn alloys irradiated under 
different conditions (Table 2).  The spectra have been normalized to the corresponding un-irradiated 
reference specimen.  The correspondingly normalized curves of elemental Cu are shown for comparison.



The measured OEMS for the Fe-Cu-Mn alloy, shown in Fig. 2b, does not vary with 
fluence and is quite similar to the shape of the copper spectrum, although with a slightly 
decreased magnitude.  These spectra are indicative of copper precipitates that are highly enriched 
in Cu.  Annihilations with either Fe or Mn would reduce the OEMS magnitude, and values for 
annihilations with Mn electrons are less than 1.0, relative to Fe, at high electron momentum (pL > 
2 a.u.). Thus, a CRP composition of 89.5% Cu, 10.5% Mn obtained from the measured M/N 
ratio by SANS is consistent with the measured OEMS spectrum. Another interesting note is the 
lack of a peak in the OEMS spectra at low momentum values (and a corresponding lack of long 
lifetime components, discussed below) in the Fe-Cu-Mn alloy. This may suggest that Mn retards 
the formation of large vacancy-solute clusters; or, alternately, the effect of Mn on the CRP 
population increases the number density to a level where all of the positrons localize in the 
CRPs.  

The results of the spin-polarized, magnetic positron annihilation measurements are 
presented in Figure 3.  For both the Fe-Cu and the Fe-Cu-Mn alloys, the un-irradiated reference 
specimen has a split in the two points with the magnetic field oriented parallel and anti-parallel 
to the positron spin, similar to the iron sample.  For all the irradiated specimens, the two points 
nearly super-impose with a significant reduction in the splitting, similar to the copper sample.  
This lack of splitting with magnetic field reversal is an indication of non-magnetic behavior at 
the region of positron annihilation.  Figure 3 also shows that the fraction of annihilations with 
low momentum electrons increases with increasing fluence for the Fe-Cu alloy, again a 
characteristic of increasing annihilations with valence electrons and indicative of trapping in 
vacancy clusters.
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Figure 3 - Results of the spin-polarized, magnetic positron annihilation measurements.  Positron annihilation 
fraction with high momentum (1-4 a.u.) versus low momentum (< 0.38 a.u.) electrons, normalized to the total 
annihilations, for the magnetic field oriented parallel (up triangle) and anti-parallel (down triangle) to the 
positron polarization.  Elemental Fe and Cu are shown with solid symbols.  The dotted lines are drawn to 
guide the eye.



Positron annihilations with high momentum electrons (orbital electrons) give a measure 
of the chemical composition of the region in which the positron annihilates.  Positron 
annihilation with low momentum electrons (valence electrons) give a measure of the vacancy 
character of the region in which the position annihilates.  When OEMS data are plotted as in 
Figure 3, positron annihilations at a single type of defect at varying concentrations will lie along 
a single line.  As shown by the dotted lines in Figure 3, drawn to guide the eye, the un-irradiated 
control specimens are consistent with a single line with elemental Fe, while the irradiated 
samples are consistent with a different single line with elemental Cu.  This simple analysis also 
strongly indicates the highly enriched nature of Cu in the precipitates.

Positron lifetime annihilation spectroscopy data is presented in Figure 4.  For the Fe-Cu 
alloy, Fig. 4a, the mean positron lifetime increases with increasing neutron fluence.  The positron 
lifetime fitting procedure yielded two distinct lifetime components at a fluence of 1.0×1021 n/m2, 
with the second lifetime component of 222 ps consistent with small vacancy clusters.  The fitting 
procedure yielded three lifetime components for the specimens irradiated to higher fluence, with 
the two longer lifetime components (of approximately 210 and 375 ps) consistent with small and 
larger vacancy clusters, respectively.  As already mentioned, the OEMS results of Fig. 2 and 3 
provide an indication that the vacancy clusters are likely complexed with Cu solutes.

The mean lifetime in all of the Fe-Cu-Mn irradiated alloys, shown in Fig. 4b, was 116 ps, 
compared to 109 ps for the reference alloy.  The positron lifetime fitting procedure yielded only 
one lifetime component in all of the Fe-Cu-Mn alloys.  The increase in mean lifetime is 
consistent with positron lifetime calculations using a recently developed electronic structure 
method [13] of 107 ps for bulk Fe and 111 ps for Cu in a BCC structure with the Fe lattice 
constant and likely indicate positron confinement in CRPs.  Notably, no longer lifetime 
components are observed in PALS for the irradiated Fe-Cu-Mn alloys, consistent with the lack of 
low momentum peak of the OEMS (Figure 2). 

Figure 4 - Results of the PALS for the a) Fe-Cu and b) Fe-Cu-Mn alloy.  Lifetimes for the reference 
specimens are indicated on the graphs.  For the Fe-Cu alloy, the bottom panel shows lifetime, including mean 
lifetime, while the upper panel shows the intensity of each lifetime component.  Three lifetimes were present 
in the Fe-Cu alloy at the higher fluence levels, while the Fe-Cu-Mn alloy only exhibited a single lifetime.  
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The results of measurements on model reactor pressure vessel steels and actual reactor 
pressure vessel welds are remarkably similar to the results on binary and ternary alloys, showing 
that the positrons are also sensitive probes of the nanometer-sized copper precipitates even in 
steels with high dislocation densities and complex microstructures. Figure 5 shows the measured 
magnetic polarization OEMS results for a model reactor pressure vessel steels (LC, which 
contains 0.4% Cu, 0.8% Ni and 1.4% Mn) and two actual reactor pressure vessel welds (WG and 
WV, both of which contain >0.25% Cu, ~1.5% Ni and 1.2% Mn). These OEMS results for the 
reactor pressure vessel steels and welds all lie on a single line, away from Fe, similar to the 
results of Figure 3, and indicate that the precipitates are non-magnetic. It is important to note that 
some magnetic splitting is observed for LC T11 and T12 and the WV and WG alloys. However, 
SANS results on these specimens indicated that the precipitates were extremely small and were 
more enriched in Ni. Thus, it is likely that the relatively small magnetic splitting observed results 
from either the contribution of positron annihilations with nickel electrons (note the splitting for 
elemental Ni) or partial positron confinement in the precipitates due to their smaller size.

Figure 5 - Results of spin-polarized, magnetic positron annihilation measurements of reactor pressure vessel 
model steels (designated LC and LD) and welds (designated WG and WV). Positron annihilation fraction 
with high momentum (1-4 a.u.) versus low momentum (< 0.38 a.u.) electrons is plotted, normalized to the 
total annihilations, for the magnetic field oriented parallel (up triangle) and anti-parallel (down triangle) to 
the positron polarization. The designation T5, T11-16 denotes the irradiation conditions at approximately 
290°C. 

Comparison of modeling and experimental results
The prediction of sub-nanometer nanovoids and vacancy-copper clusters in Fe-Cu alloys 

(shown in Figure 1) has been experimentally validated within this program using positron 



annihilation spectroscopy (shown in Figure 2), aided by direct comparison between the measured 
positron observables. Figure 6a shows the atomic configuration of one vacancy – copper cluster 
predicted by the cascade aging simulations, in this case containing 17 vacancies and 5 Cu atoms. 
This atomic configuration was the input for a quantum mechanical simulation to calculate the 
positron probability density (wave function) shown in Figure 6b and subsequently, to predict the 
orbital electron momentum spectrum (OEMS) measured in PAS experiments. Figure 6c shows
the predicted OEMS for elemental Cu, a 17 vacancy-5 Cu atom cluster and a 4 vacancy-6 Cu 
atom cluster. Figure 6d shows the corresponding measured OEMS spectrum in a Fe-0.9% Cu 
alloy neutron irradiated to 0.3x1023 n/m2 at 60°C. The OEMS spectra shown in Figures 6c and 6d 
plot the number of positron annihilations at a given electron momentum, normalized to pure, 
unirradiated Fe. Both the simulated and measured OEMS clearly show a peak in the number of 
annihilations at low momentum values, which is characteristic of vacancy clusters, and a second, 
broader peak at higher momentum, which is characteristic of Cu. Further, the predicted lifetime 
from quantum mechanical simulations for the vacancy-copper cluster shown in Figure 6a was 
350 ps, which agrees well with the positron lifetime component of 355 ps experimentally 
measured with a relative intensity of nearly 30%. The qualitative agreement between the 
predicted and measured OEMS and quantitative agreement in positron lifetimes provides 
experimental validation of our prediction of the features formed in this alloy under irradiation.

Figure 8. a) Atomic configuration of a three dimensional, sub-nanometer, 17 vacancy (red)-5 copper (green) 
cluster formed during cascade aging; b) positron wave function localized within the cluster, as simulated by a 
quantum mechanical code [13]; c) the predicted Orbital Electron Momentum Spectra (OEMS) for elemental 
Fe (black), elemental Cu (blue), a 4 vacancy-6 copper cluster (red) and the 17 vacancy-5 copper cluster 
(purple) of Figure 9a, normalized to elemental Fe; d) the measured OEMS, normalized to the unirradiated 
Fe-0.9%Cu control, for elemental copper (black squares) and the Fe-0.9% Cu alloy irradiated at 60°C (open 
triangles). 



SUMMARY

The technical outcome of this LDRD project is resolution of the two outstanding 
questions regarding reactor pressure vessel embrittlement. Namely, we have shown through a 
combination of modeling and novel positron annihilation spectroscopy experiments that the 
nanometer-sized copper precipitates do not contain significant quantities of Fe. As well, we have 
positively identified the secondary embrittling feature, or so-called matrix features, as sub-
nanometer vacancy – copper solute cluster complexes. The results clearly show that the 
precipitates are non-magnetic and place an upper limit of ~10% for the Fe content of the 
precipitates. This is in agreement with SANS, but at odds with recent 3DAP measurements. The 
practical consequence of this result is that the copper precipitate contribution to RPV steel 
embrittlement saturates and is not expected to contribute to further increases in embrittlement 
during lifetime extension. Finally, our study demonstrates that polarized positrons can be used as 
a powerful probe of the magnetic character of nanoscale materials, even when they are 
embedded in a magnetic matrix.
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